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NON-IMAGING OPTICAL ENERGY TRANSFER SYSTEM 

Description of GB2087097 Translate this text 

1 GB 2 087 097 A 1 
SPECIFICATION 

Non-Imaging optical energy transfer system This invention relates generally to optical systems and particularly to such systems 
employed in instnjments which involve the transfer of optical energy between spatially distinct locations. 

Optica! energy transfer systems that combine a series of lenses and mirrors have been Itnown for many years, and in fact such systems 
have played a major role in the commercial development of certain analytical instrumentation. An example of such an instrument is a 
spectrometer which passes a light beam through a sample cell to measure the absorp tion spectrum of an unluiown gas in a 
predetermined wavelength region. 

Two important characteristics of the types of opti cal system described herein are thatthey must be capable of changing the f/# of the 
beam as It traverses the sytem while atthe same time substan tially matching the etendue or optical throughput from one part of the 
instalment system to another to avoid energy loss through vignetting. This is espe daily significant in today's commercial optical 
instruments where limitations of size and cost result in widely varying optical requirements between spa tially distinct locations within 
the Instrument. 

In the particular example of an infrared spectrome ter, it is desirable to obtain the highest signal level from the available source power 
by passing as much infrared energy as possible into the system through the monochromator slit. Therefore, an Input beam with as large 
a solid angle as possible that does not sacrifice spectral resolution (eg. f/1 .5 for a circular variable filter based spectrometer) Is used to 
forni the first image (beam focus) of the source at the slit. 

The divergence of the beam as it traverses the cell is however more severely limited due to optical aberra tions and practical size 
requirements of the absorp- 105 tion cell itself and the associated optics. Typically, the beam Passing into and out of the cell is f/4.5. 

The product of the area of the slit and the solid angle of the beam at the slit establishes the optical throughput or etendue of the 
spectrometer system. 1 10 For best Instalment performance, the etendue in other sections of the system, such as the absorption cell, 
should be the same such that energy through put is maximised even though the V# requirements may vary widely. To minimise 
vignetting energy los- 115 ses, pupil dimensions defined In respective sections should be preserved while the substantially different 
solid angles of the beams in various sections of the device are simultaneously matched. 

Optical energy transfer systems of the prior art present certain drawbacks, particulariy when very wide angle or "fast" beams are 
involved, a conventional lens/mirror system requires strong (ie. short focal length) lenses to produce a desired f/#change with minimal 
vignetting. However, such lenses pro- 125 duce aben-ations and Fresnel reflections and thus are themselves sources of lost energy 
forthe system. Further these lenses are space-consuming and field lenses as well as focusing lenses are required to achieve the 
desired result, all of which adds to the overall size and weight of the Instrument system. 

The present invention overcomes the disadvantages and limitations of the prior art by providing a tapered light pipe and associated field 
lens as the "central" energy transfer mechanism in a nonimaging optical energy transfer system. The tapered light pipe is considered to 
be at the centre of the optical system because it matches at its ends beams having different f/# requirements as energy is trans- fen-ed 
from one section of the system to another. Coincident with transfening beam foci, the tapered light pipe/lens combination matches 
pupils in the small end section to pupils in the large end section. 

In a preferred embodiment of the invention to be subsequently disclosed in detail, an Infrared spectrometer utilises a tapered light pipe 
of rectangular cross section as one element of the optical connecting link between the source of monochromatic infrared energy and the 
sample obsorption cell. A beam focus of the source is produced through a fast, beam at the small end opening of the light pipe which 
serves as the filter defining slit. The beam exiting the large end of the pipe is sufficiently reduced In solid angle to match the optical 
requirements of the cell which essentially are preestablished by the area of the cell's limiting pupil (object mirror), the area of the beam 
focus which is at the large end of the pipe and the separation between them. These quantities establish the etendue of the absorption 
cell. The etendue of the source/monochromator section is designed to be the same. 

The limiting pupil is simultaneously transfen-ed onto the other side of the light pipe by a second optical element, namely a field lens 
adjacent the large end of the pipe. The lens in combination with the correctly chosen taper of the light pipe provides for substantially 
total energy transfer between pupils thereby maintaining the etendue through the system. Additionally the use of a tapered light pipe 
eliminates the function of two relatively strong lenses (or equhralent mirrors) in a comparable lens/mirror design. This penmits a more 
simplified, compact construction which aids in the design of a portable instniment. 

Other aspects and advantages of the present invention will be best understood by the following detailed description of examples of the 
invention taken in accordance with the following drawings wherein: 

Figure 1 is an optical schematic of a prior art optical energy transfer system used In combination with a spectrometer; 

Figure 2 is an optical schematic of a prefened embodiment of an optical energytransfer system constructed in accordance with the 
present Invention also used in combination with a spectrometer; Figure 3 Is a perspective view of a tapered light pipe forthe embodiment 
of Figure 2; Figure 4 is a diagrammatic representation of the optical energy transfer system of the present invention illustrating 
construction techniques for a tapered light pipe/lens combination to achieve maximum optical throughput; Figure 5 is a ray trace through 
the light pipe/lens combination of the embodiment of Figure 2; and 2 GB 2 087 097 A 2 Figure 6 is an optical schematic of a 
modification of the energy transfer system of Figure 2 used In combination with a multiple internal reflection crystal. 

In orderto obtain a clearer understanding of the construction and operation of the present invention, an explanation of prior art optical 
energy transfer systems used In combination with spectrometers will be helpful. Referring to Figure 1 , there is shown in schematic forma 
conventional Infrared spectrometer 10 which is made up of three major assemblies, an instrument head 12. a sample absorption cell 14, 
and a pyroelectric detector 16. The optical transfer system of the spectrometer transcends all three assemblies. 

The head 12 has contained therein a light source 20, a source mirror 21 , and circular variable filter 22. which produce a first image S, of 
the source of appropriate infrared wavelength at a rectangular exit slit 23. Also depicted is the usual rotating chopper 24 85 which 
breaks the continuous beam into a series of pulses to enable the detector and associated signal processing system to respond to 
changes in energy reaching it while atthe same time rejecting much of the electrical noise in the system. 

Intermediate the head and sample cell, a silver bromide focusing lens 26 is positioned to produce a second image S2 of the source at 
an entrance vtrin dow 28 of the sample cell. The entrance window Is actually a field lens which propagates an innage P of 95 an object 
mirror 30 placed at the far end of the cell onto the focusing lens such thatthe object mirror is fully illuminated by the beam emerging from 
the entrance window. The object mirror is the limiting pupil P. of the sample cell and together with the associated beam focus at the cell 
entrance window defines the etendue of the complete optical system. 
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The object mirror 30 then reflects the beam onto the cell exit window 29 where a third Image S3 of the source is produced. The beam 
passing out of the cell 105 14 is ultimately directed onto a detector lens 32 for producing a fourth source image S4 at the detector 16. 
The response produced by this Image is then processed according to well known techniques to provide a spectral analysis of the 
sample gas con tained in the cell. 

The beam entering and exiting the cell 14 is of substantially higher f/# (eg. f/4.5) than that of the beam focused through the slit 23 (eg. 
f/1 .5). In this instance beam angle matching for energy transfer is 1 15 accomplished by the focusing lens 26. As shown the lens 26 has 
a very short focal length and as such is subject to chromatic and other aben^tions as well as surface reflections, all of which result in 
lost energy to the system and a corresponding poorer signal-to- 120 noise ratio for a given power input. 

It is also apparentthat despite the factthatthe image P of the limiting pupil P, is propagated out of the cell 14 by means of the field lens 
28 onto the focusing lens 26, the pupil image is nottransfen'ed to the input section (ie. instumnent head 12) of the device as evidenced 
by the back-projected extreme ray 33 which does not impinge on the source mirror. 

Hence numerous rays are lost to the transfer system. 

Absent another field lens positioned at the slit 23 of substantially increasing the size of the source mirror 21 , optical throughput has been 
lost. It is not practical to eliminate this undesirable vignetting by taking such steps because the very short focal lengths of the optical 
components Involved would produce other more severe losses. 

Turning now to Figure 2, a more complete understanding of the optical energy transfer system of the present invention will become 
apparent. Figure 2 also shows the system used in combination with a spectrometer and to particularly emphasise certain advantages of 
the present transfer system both spectrometers are conftgu red with sample absorp- r tion cells of identical length, with the dimensions 
of the remainder of the instrument being scaled to that length. Attention is particularly directed to the portion of the beam from the 
chopperlfilter network up to the cell entrance window 28. The remainder of the device, with the exception of the detector optics which 
will be subsequently described, is identical to that discussed above and for ease in comparison like reference numerals have been 
retained between the two figures. Accordingly, no further explanation of these components is deemed necessary. 

As shown in Figure 2, a tapered light pipe 40 is positioned in the optical beam path between the head 12 and the absorption cell 14. 
Tapered light pipes of various configurations have been used for some time now as energy collectors or concentrators, most often with 
the large end accepting light rays from a source and focusing through internal reflections within the pipe the optical energy onto a 
detector positioned directly at the small end. Further details on the properties and construction of such tapered tight pipes may be had 
by reference to an article entitled "Cone Channel Condenser Optics" by D. E. Williamson published in the Journal of the Optical Society 
of America, Vol. 42 No. 10. October 1952. Thus, what Williams and other propose regarding tapered light pipes was that they were 
useful as one termination point of the optical system and not as part of an energy transfer mechanism. However, In the present 
embodiment, the light pipe, which has a hollow Inner channel 46 of rectangular cross seclon (see Figure 3). forms a closed channel In 
the centre of the optical system with its small end 42 coincident with a beam focus in the head and its large end 44 being atthe beam 
focus of the cell. Specifically, the small end of the pipe protrudes up to and nearty touches the filter 22, so as to positlonally coincide 
with a beam focus (source image SJ. Additionally the area of the small end opening matches the cross section of this beam focus and 
thus serves as the filter defining slit. Meanwhile the large end butts against the cell entrance winclowlfleld lens 28, which is also a beam 
focus of cross sectional area identical to that of the large end opening. 

After passing through the absorption cell 14 and reflecting from the object mirror 30, the beam is directed to the cell exit window 2-9 
which concentrates the rays on a second tapered light pipe 50 - located with its large end 54 covering the exit window. This light pipe is 
of similar construction to the light pipe 40 but because of the shorter distance 3 GB 2 087 097 A 3 between the exit window and the 
detector 16 it has a more severe taper. It should also be mentioned that the detector is positioned directly at the small end 52 of the 
pipe. Hence this tapered light pipe functions as concentration aspect is retained to produce the desired beam focus.) The etendue (E) 
for the system is established by the amount of energy available from the source that an energy collector of the type mentioned above 
and 7o enters the system via the beam focus at the small end of explained in considerable detail in the aforemen- the TUP and is given 
by the expression: 

tioned Williamson article. 

A comparison of Figures 1 and 2 shews, aside from the elimination of strong focusing lenses, that it is possible to shorten the distance 
between the head 12 and the cell 14. Such compact dimensions not only enhance the design of portable instrumentation but also reduce 
atmospheric interference by provid- 75 ing shorter optical beam paths external to the absorption cell. While at the same time linear 
dimensions are decreased, the present invention has the further advantage, as will be more fully explained below, of maximising energy 
transfer between the source 20 and the absorption cell. 

Figure 3 shows the details of the construction of the tapered light pipe 40, The pipe is made from four pieces of 1 W thick clear 
thermoplastic, two identical top and bottom pieces 40A and two correspondingly identical tapered sidewall pieces 4013. The top and 
bottom pieces have a centrally located tongue 43 that extends along the entire length of the piece and which Is adapted to matlngly 
position the tapered sidewalls such that when assembled the hollow inner channel 46 is formed and the exterior surfaces of the pipe 
present a smooth contour. The inner walls of the four pieces that define the channel are gold coated to reduce reflection losses thereby 
enhancing the eff icient transfer of energy through the pipe. The ratio of the heights of the openings at both ends to the respective 
widths, which defines the magnification M and accordingly the amount of V# variability achievable by the pipe, is kept con stent. In this 
embodiment the opening atthe large end 44 is 20 mm x 5 mm with the opening at the small end 42 measuring 5 mm x 1 .25 mm such 
that M '4. Therefore, the light pipe accepts an f/1 .5 beam and produces a four-fold increase in fl#transforTn ing the beam atthe large end 
tof/6. 

Figure 4 illustrates in diagrammatic form construe tional techniques for applying a tapered light pipe and field lens combination to an 
optical energy transfer system so as to match the optical Lagran gian and etendue parameters of the system. This maxmises energy 
transfer throughout the system and avoids undesirable beam spreading as well. The diagram shows a tapered light pipe (TILP) and field 
lens positioned in the centre of the transfer system between a beam focus S. and pupil P to the right of dashed lines A-A (the TILP small 
end section) and a beam focus S. and pupil P, to the left of dashed lines B-B (the TLP large end section of the system). The separation 
between the size of optical components is included on the diagram. The areas of beam foci and pupils (eg. As. Ap. etc) are used for 
establishing eten due of the system. Since the separation between beam focus and pupil is different in tiie two sec-dons, tiie V# 
requirements in each section will also differ. 

(it should be noted that although image properties of the focus are not transfen-ed through the system due to the scrambling of rays by 
the TILP the energy flux As.. Ap (u-QI As. Ap W 2 ESES - (1) where ESEs represents the etendue of the small end section and the 
corresponding distances are as defined in Fig u re 4. 

If It is assumed tiiat the large end section of the system includes geometrical and/or optical constraints (eg. P, is a limiting pupil of the 
system), then, for best performance, the optical system should form a conjugate pupil In this section which is coin- dderrt with the pupil 
Pin the small end section. Considering first the case where the field lens alone is in the position shown and the TILP is absent from the 
system, It is apparent that an image of the pupil P. will be formed at P and consequenUy that 

AS2. Ap - AS2. AF. U 2 V2 8F) whereby definition the term AS2. 2 A,, v represents the etendue of the large end section (ELES). 

If Uie TLP is chosen such that its vertex (ie. the point where the sides of tiie light pipe, if extended, would meet) is placed in Uie plane of 
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p. it follows that As! U 2 or by rearranging AS2 TU -L F u2 (2) As. = As. (u-L)2 (3) Combining equations (2) and (3) yields the following: 

As,. Ap ELEs ° - = ESES W-01 (4) Therefore, energy will be transnnitted to P. sub- stantially without vignetting and the etendue has 
been matched throughout the various sections of the transfer system. 

Figure 5 shows the application of the tapered light pipe/field tens combination to the spectrometer sys- tern of the present embodiment 
and traces three rays backwards from the lower edge of the object mirror 30. Using the polygon unfolding technique taught by 
Williamson in his aforementioned paper al lows these refl ected rays to be red rawn as a se ries of straight lines. Of course, this will 
include virtual rays (which have been indicated by thin solid lines) as well as real rays (heavier solid lines) which actually pass through 
the pipe. The raytrace cleariy shows that with the source mirror 21 positionedat the vertex of the light pipe, the concentration of energy 
on that pupil is conjugate with symmetrically positioned points on the object mirror and hence that substantially all of the energy is 
transferred 4 between the object mirror and the source mirror. Due to the scrambling effect, rays from that one point on the object mirror 
actually appear in this two dimensional representation at two co-planar points on the source mirror, but all such rays (real and virtual) 
focus at those two points regardless of the number of reflections within the light pipe. Preserving pupil dimensions In this manner allows 
construction of the smallest minx)r designs without loss of rays to the system by vignetting. On the other hand, if a small amount of 
vignetting Is acceptable (see the system shown In figure 1), the source mirror can be placed closer to the small end of the tapered light 
pipe to further reduce the overall size of the instru- ment. 

Figure 5 also shows thatthe length of the light pipe can be changed, keeping the vertex and large end position unchanged and thus 
alterthe small end beam focus size and the ratio of the f/gs at the large and small ends. 

Turning nowto Figure 6 there is shown the application of the energy system of the present Invention In combination with a multiple 
internal reflection (MIR) crystal 60 used to make attenuated total reflec- tion measurements. The MIR crystal is of the same general 
construction as the type disclosed in US Patent No. 4,175,864 with the exception that the entrance face of the present crystal is made 
convex. The most compact light path through the crystal, and therefore the smallest crystal for a given etendue, is achieved if a source 
image is placed at one end of the crystal and a pupil at the other. This can be achieved by using a TLP In combination with an M IR 
crystal having a convex entrance face. The source minror and exit slit are respectively the pupil P and source image S, in the small end 
section of the device while the entrance face 62 and the exit face 64 of the crystal are the source image % and pupil P. within the large 
end section. Energy is transferred from the source to the exit face of the crystal and according to the principles discussed in detail 
above, the height of the beam exiting the crystal is controlled to enable energy to be transferred substantially without vignetting. Curving 
the exitface and placing an energy-collecting TLP of the type disclosed by Williamson permits efficient energy transferto a detector 66 
positioned atthe end of this TLP. 

It is apparentthatthe foregoing discussion concerning beam focus and pupil areas to match the etendue between different parts of an 
optical system can be also defined in terms of Lagrangians. Therefore It is possible to match optical systems having astigmatism to 
those that do not by using a tapered light pipe having a vertex in one plane which does not coincide with its vertex in the orthogonal 
plane. 

It is believed that many of the advantages of the present energy transfer system over conventional lens systems have been 
demonstrated In the foregoing detailed description, for example: 

1 . An equivalent system requiring a minimum of three lenses, two of which are strong lenses, Is reduced to one low power lens and a 
tapered light pipe. 

2. Pupil dimensions are preserved thereby reduc- Ing sizes of components vMle at the same time GB 2 087 097 A 4 eliminating 
undesirable vignetting. 

3. The tapered light pipellens combination is more compact than the equivalent all-lens system and aids In the design of a portable 
instmment. 

Other aspects, advantages and features of the present invention will be apparent to those of skill in the art. It will also be apparent that 
many other changes may be possible without departing from the scope of this invention as defined in the following claims. For example, 
throughout the foregoing, reference has only been made to tapered light pipes having hollow channels; however, the principles 
discussed above apply equally as well to tapered light pipes made of solid dielectric material and indeed may find appllca- 
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